In this work a recombinant BHK21 clone producing a fusion protein with potential application in tumour target therapy was adapted to five different serum-free media (SFM) and to a protein-free medium (PFM). Only the PFM did not require a gradual adaptation to cell growth in the absence of serum. All tested SFM required a gradual adaptation (up to 35 days). For the majority of the SFM tested, cell specific productivity was not affected by the decrease in serum concentration during adaptation; however, cell growth was significantly affected by the serum decrease. Both cell growth and productivity were increased when PFM SMIF6 was used instead of the control medium. Long term measurements (approximately 100 days) of cell specific productivity for PFM and the two best SFM showed that productivity was maintained. This indicates the media capability to be used in long term production processes.
Introduction
The fusion protein used in this work, produced by a recombinant BHK21 cell clone, is an anti-EGF receptor IgG1 antibody linked to a TNF-alpha cytokine tail and has been shown to be active with respect to antigen specificity and cytokine activity (Old, 1985; Tracey, 1994) and is a candidate for tumour target therapy.
Commonly used to support growth of animal cells in culture, serum provides a wide number of components such as hormones, growth factors and binding proteins (Hayashi and Sato, 1976; Barnes and Sato, 1980) but is also a potential source of bacterial, mycoplasmal and viral contamination, is the most expensive additive to cell culture media, has a high degree of batch variability and interferes with product recovery, rendering downstream processing more difficult. For these reasons, current biotechnological approaches to cell culture avoid the use of serum. Although recent studies indicate that engineering the regulatory structure of the mammalian cell cycle is a direct alternative to culture adaptation as a means of removing serum from mammalian cell systems (Lee et al., 1996) , proliferation of cells in medium free from serum is usually achieved by gradual adaptation. In this work cell adaptation to five SFM and one PFM was studied and compared.
Materials and methods

Cell lines and growth systems
BHK 21A cells genetically modified to produce a fusion protein were obtained from Dr. Hansjörg Hauser (GBF, Braunschweig, Germany).
Cells were initially grown in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Glasgow, UK) containing 10% foetal bovine serum (FBS) (Sigma, St. Louis, USA), 4 mM glutamine and 1 g L 1 glucose (Sigma) (all final concentrations).
Five different SFM were used: QBSF 56 (Sigma), CHO-S-SFM II (Life Technologies), Ex-cell 301 (JRH Biosciences, USA), CHO Master (AMS, UK) and DMEM/Ham's F12 (Life Technologies) derived medium previously used with BHK cells (Jager et al., 1988) as well as a PFM, Scharfenberg's modification 6 (SMIF6) (GBF, Braunschweig, Germany) (Scharfenberg and Wagner, 1995; Neermann and Wagner, 1996) .
Studies were performed in 25 cm 2 static flasks at 37 C (Greiner, Frickenhausen, Germany) containing 10 mL of medium and 2 10 4 cells mL 1 as inoculum. All media contained puromycin at 5 mg L 1 (Sigma, St. Louis, USA). Cell subculture was carried out using trypsin and its inhibition by soybean trypsin inhibitor as reported in Cruz et al., 1997 .
Sampling
Cells were counted using a Fuchs-Rosenthal haemacytometer (Brand, Wertheim, Germany). Viable cells were determined using the trypan blue dye exclusion method. Adherent cells were determined after cell release from the static surface by digestion with trypsin.
Product quantification was performed using an ELISA protocol obtained from Dr. Erwin Rieke (Merck KGaA, Darmstadt, Germany).
Results and discussion
Single step adaptation to serum-free medium As shown in Table 1 , none of the SFM tested supported cell growth after direct switch from serum-containing to serum-free medium. Reduction from 10 to 5% serum did not lead to any change in cell culture, the attached cells still showing normal fibroblast-like morphology. In most cases (excepting CHO Master) reduction to 2.5% serum did still allow cell growth, although at a lower rate; thus, decreased cell growth is obtained below 5% serum content. In most cases the proportion of suspended cells increased and adherent aggregates appeared with decreasing serum concentration.
Multi-step adaptation to serum-free medium
All SFM tested required a gradual adaptation from DMEM with 10% FBS to the SFM under test. As can be seen in Table 2 cell growth during adaptation (expressed by days to confluency) did decrease with decreasing serum content. Some cultures did not survive at low serum content (CHO Master at 1% serum and DMEM/F12 at 0% serum). Also cell attachment to the surface was lower (the proportion of suspended cells increased with decreasing serum content) and in most cases led to cell aggregation, similar to that reported for BHK21 pSVII cells producing interleukin-2 (Jager et al., 1988) . This is also in agreement with the reported fact that both BHK21 and CHO cells formed spheroids of up to 500 m in diameter after transfer to serum-free culture conditions (Ackermann et al., 1995) .
In an adaptation process it is critically important to screen the resultant cell population to ensure that the selection events do not result in loss of target cell function as, in this case, expression of the recombinant fusion protein. From the results depicted in Figure 1 it can be seen that CHO-S-SFM II and QBSF 56 media supported high productivity down to low serum levels (i.e. 0.25 and 0.5%, respectively). DMEM/F12 showed maintenance of cell productivity, but cell growth was very low (Table 2) . CHO Master showed an overall low productivity and, furthermore, it showed a decrease in productivity with decreasing serum content. A marked decrease in productivity was also observed for Ex-cell 301.
In conclusion, it can be said that the gradual change from 10% serum containing medium to reduced amounts of serum did not lead to changes in cell specific productivity in most of the serum-free media examined. However, for all media tested, cell growth was reduced with serum concentrations below 5%. This is in agreement with the reported decrease in BHK cell growth at serum concentrations below 5% (Moreira et al., 1995) .
From the cell growth (Table 2) and productivity values (Figure 1 ) obtained, the best SFM was identified as being CHO-S-SFM II followed by QBSF56, both supplemented with 0.5% FBS.
Single step adaptation to protein-free medium
The change from 10 to 0% serum containing medium in a single step has only been achieved with proteinfree medium SMIF6. These cells showed a lag phase of 1-2 days, after which they began to proliferate at a high rate. Cell growth, viability and adherent fraction were maintained at high levels, similar to those obtained in serum-containing cultures; the cell morphology shown was healthy, fibroblast like shape. 
Serum-free media and protein-free medium comparison
The best serum-free media (CHO-S-SFM II and QBSF56 containing 0.5% FBS) were compared with the protein-free medium (SMIF6). As can be observed in Table 3 , cell growth in SFM (0.015 to 0.019 h 1 ) was lower than in the control with 10% FBS (0.024 h 1 ). The cell specific productivity obtained with PFM (SMIF6) was higher than that in the control and in the other media (188% of control); the same was also observed for cell growth (0.039 h 1 ). Average viability was also higher for this PFM, being very similar to the control whereas both SFM showed significantly lower values. It can also be observed that cell specific productivity is maintained when comparing QBSF56 and CHO-S-SFM II with the control.
From this comparison it can be concluded that the PFM (SMIF6) has several advantages over the SFM used in this study, namely no need for a time prolonged multi-step adaptation, higher productivity and all the referred advantages of a protein-free medium. Thus, the PFM was chosen for the development of future work. A second choice would be CHO-S-SFM II, considering maximum cell concentration, specific growth rate and productivity obtained in this medium (Table 3) .
Production stability
The maintenance of productivity with time is important to maintain process consistency and also high and constant production rates. Therefore it was necessary to test the stability of production in the best performant Figure 2 . Stability studies for cell specific productivities with cells growing in SFM CHO-S-SFM II; SFM QBSF 56 and PFM SMIF6.
SFM and PFM. As can be seen from Figure 2 , CHO-S-SFM II medium showed slightly lower, QBSF56 slightly higher and SMIF6 significantly higher average productivity than the control. All this data is compatible with the results obtained in culture studies, summarised in Table 3 , confirming the best performance of CHO-S-SFM II when compared to QBSF56. CHO-S-SFM II and QBSF56 media showed stability in product expression for approximately 100 days (respectively 90 and 50 generations). As for SMIF6 medium, a highly consistent cell specific productivity over 190 days (180 generations) was also obtained, indicating its capability to be used in long term production processes and also long term subculturing.
Conclusions
We have compared the relative performance of five different serum-free media and a protein-free medium with a view to the production of a complex recombinant fusion protein for therapeutic use from BHK cells.
Cell adaptation in a single step change from 10 to 0% serum containing medium has only been achieved with SMIF6, the protein-free medium used in this work. The gradual change from 10% serum containing medium to lower amounts of serum in the majority of the serum-free media tested did not lead to changes in cell specific productivity. However, cell growth was reduced when serum concentration decreased to below 5%. Two media (CHO Master and Ex-cell 301) showed decreasing productivity with decreasing serum content; one of these (CHO Master) showed significantly lower production levels. Adherence also showed an overall decrease as serum concentration decreased, with cells tending to form aggregates as serum levels were decreased to very low amounts. Protein-free medium SMIF6 showed higher cell growth and productivity, this leading to higher titres than the control and the serum-free media tested. Productivity stability was unaffected by long periods of cultivation (up to 180 cell generations for the SMIF6 medium).
SMIF6 was chosen for further process development given its protein-free composition and also as it allowed better cell growth and productivity and did not need any adaptation process. Compared with the serum-free media tested, the protein-free medium also has the lowest cost and permits easier downstream processing. A second choice would be CHO-S-SFM II, considering that it showed to be the best performant of the several SFM tested.
